The respiratory system is continually exposed to a wide array of toxic substances and infectious agents. For this reason, the lung must have a rapid, versatile, and effective first line of defense or innate immune system to defend itself during the interval required for the development of specific immunity. Because surfactant covers all of the alveolar surfaces, any inhaled pathogens must interact with surfactant before they can interact with lung cells. Therefore, it is physiologically quite important to understand the role of surfactant in host defense against respiratory infection. Recent studies have drawn attention to the probable roles of surfactant protein A (SP-A) in innate host defense and inflammatory processes of the lung (6, 8, 26, 30, 33, 48) . SP-A belongs to the collectin family of C-type lectins, along with mannose-binding protein (MBP), surfactant protein D, conglutinin, and collectin-43 (7) . These proteins contain collagen-like amino-terminal domains and C-terminal carbohydrate recognition domains (CRD). Collectins are involved in many aspects of host defense function, and SP-A exerts a variety of stimulatory effects on alveolar macrophages (29, 42, 48) . Among its many actions, SP-A binds to some pathogens by means of its CRD, thus promoting the binding and phagocytosis of these pathogens by the macrophage (39) . SP-A also stimulates the generation of oxidative activity in macrophages (3, 9, 44) , immune cell proliferation (20) , the production of proinflammatory cytokines (21, 22) , and the increased expression of cell surface proteins (23) in a monocyte/macrophage cell line and in other cells of monocytic origin. Additional convincing evidence that SP-A plays an important role in innate immunity comes from the finding that genetically engineered SP-A-deficient mice, which have essentially normal lung structure and function, show an increased susceptibility to infection by group B streptococcus and Pseudomonas aeruginosa (24, 25) .
Bacterial lipopolysaccharide (LPS) or endotoxin, a constituent of the outer membrane of gram-negative bacteria, is a potent activator of mammalian immune cells, such as macrophages (32, 41) . When macrophages are activated through LPS stimulation, they produce various cytokines, including tumor necrosis factor alpha (TNF-␣), interleukin-1 (IL-1), IL-6, IL-8, and IL-12, and chemical mediators, such as prostaglandins and nitric oxide (38) . These cytokines and other mediators participate in various events associated with the inflammatory response at the alveolar level (47) . Gram-negative bacteria that may infect the respiratory tract include some with smooth-LPS phenotypes and others with the rough phenotype (12) . Currently, contradictory observations exist about the interaction of SP-A with smooth-and rough-LPS phenotypes (16, 31) . The physiological and functional significance of this interaction in vivo has not been clearly defined.
In the present study, we tested the combined biological effects of SP-A and lipid A or different LPS phenotypes on TNF-␣ expression by the human THP-1 monocytic cell line and compared it to the individual effects of each of these agents. We report that SP-A interacts differently with lipid A and smooth or rough LPS in the regulation of inflammatory cytokine production by these cells. Previously, we demonstrated that SP-A induces tolerance in a different manner from LPS (35) . We show here that pretreatment of THP-1 cells with SP-A or LPS can induce cross-tolerance to subsequent challenge with LPS or SP-A with respect to the production of TNF-␣. We believe that the induction of tolerance by SP-A may be partially due to an impaired activation of NF-B.
MATERIALS AND METHODS
Cell culture. THP-1 cells were purchased from American Type Culture Collection (Manassas, Va.) and grown in suspension in complete RPMI 1640 (Sigma Chemical, St. Louis, Mo.) culture medium with 0.05 mM ␤-mercaptoethanol and 10% heat-inactivated fetal calf serum (FCS; Summit Biotechnology, Ft. Collins, Colo.) at 37°C in a humidified incubator with a 5% CO 2 atmosphere. Because the properties of the THP-1 cell change after prolonged periods in culture, cells were discarded and replaced by early frozen stocks after ϳ25 passages. We used 10 For cross-tolerance experiments, vitamin D 3 -differentiated THP-1 cells were pretreated for 24 h with SP-A (0 or 50 g/ml) or LPS (E. coli O55:B5, 0 or 0.1 ng/ml). These pretreatment exposures to SP-A or LPS were designated as SP-A 1 or LPS 1 . Following this incubation, the cells were carefully washed with cold PBS and then challenged with the other agent, either LPS (0 or 0.1 ng/ml) or SP-A (0 or 50 g/ml), designated LPS 2 or SP-A 2 , respectively, for an additional 2-h period.
Preparation of SP-A. SP-A was prepared from the bronchoalveolar lavage fluid of alveolar proteinosis patients using a preparative isoelectric focusing protocol that we have previously described in detail (46) . With this method the protein is not exposed to organic solvents, detergents, or sulfhydryl reducing agents. The purified protein was examined by two-dimensional gel electrophoresis and silver staining and was found to be Ͼ99% pure (21) . Endotoxin content was determined with the QCL-1000 Limulus amebocyte lysate assay (BioWhittaker, Walkersville, Md.). This test indicated an average endotoxin level in our SP-A samples of Ͻ3 pg of LPS/mg of SP-A.
THP-1 cell RNA preparation and hybridization. RNA was prepared, and the relative amounts of specific mRNAs were quantitated by hybridization. RNA blots were hybridized with 32 P-labeled TNF-␣, IL-1␤, IL-8, and ␤-actin probes as previously described (36) .
Following the final wash, the blots were partially dried, and exposures were done at Ϫ80°C with Kodak X-Omat XAR film (Rochester, N.Y.) and two intensifying screens (DuPont-New England Nuclear). Levels of mRNAs for specific targets were quantitated on the X-ray films by laser densitometry and normalized using blots hybridized for ␤-actin mRNA.
EMSA and supershift analysis. (i) Nuclear extract preparation and EMSA. Conditions for the isolation of nuclear extracts and electrophoretic mobility shift assay (EMSA) are identical to those described previously (18) .
(ii) Supershift analysis. In order to identify the specific NF-B components, we incubated nuclear extracts with the radiolabeled DNA fragment for 15 min and then added 1 l (200 g in 0.1 ml) of TranCruz antibodies to the subunits p50, p65, or c-Rel (Santa Cruz Biotechnology, Santa Cruz, Calif.). The reaction was continued for 30 min at room temperature. The mixture was then subjected to electrophoresis as described elsewhere (18) . The gel was dried and exposed to X-ray film (Kodak) between two intensifying screens at Ϫ80°C for various intervals. Each experiment was performed at least three times with different preparations of nuclear extracts.
Statistical analysis. RNA values given for each mRNA were the means of triplicate densitometric readings of RNA blots. SigmaStat statistical software (Jandel Scientific, San Rafael, Calif.) was used to analyze the data, and results were considered significantly different when the P value was Ͻ0.05.
RESULTS
Interaction of SP-A with LPS or lipid A on TNF-␣ mRNA levels. Our objective was to determine whether SP-A interacts differently with different serotypes of LPS and thus elicits distinct cellular responses. To accomplish this, THP-1 cells were differentiated with vitamin D 3 and incubated with lipid A or different serotypes of LPS (in the range of 0.1 to 10 ng/ml) in the presence or absence of SP-A (50 g/ml) for 2 h, and the relative TNF-␣ mRNA levels were compared. SP-A itself induced TNF-␣ expression in these cells. This finding is consistent with our previously reported observations (21, 22, 36, 46) .
In the absence of SP-A, lipid A in the range of 0.1 to 10 ng/ml induced weak but significant TNF-␣ expression. When the cells were incubated with lipid A in the presence of SP-A, lipid A-induced TNF-␣ expression was enhanced over levels seen with lipid A alone. However, the levels of induction of TNF-␣ resulting from combined treatment were less than those resulting from treatment with SP-A alone when either 0.1 or 1 ng of lipid A per ml in combination with 50 g of SP-A per ml was used (Fig. 1A) . When rough LPS (J5) was used with a similar treatment schedule, a similar pattern was observed, although there were greater differences between groups (Fig. 1B) . In contrast, when the cells were incubated with smooth LPS (E. coli O55:B5) in the presence of 50 g of SP-A per ml, the TNF-␣ mRNA levels induced by smooth LPS were increased above the levels resulting from treatment with smooth LPS or SP-A alone (Fig. 1C) . In order to verify that the above results were not limited to the specific serotypes of LPS studied, some other serotypes of smooth LPS (Salmonella serotype Minnesota; Sigma) or rough LPS (Salmonella serotype Minnesota Re595; Sigma) were also included in this study. Similar results were obtained by using the same experimental protocol (data not shown).
Effect of pretreatment with SP-A or LPS on cytokine mRNA levels. The phenomenon of LPS-induced tolerance is well described (50) . Previous studies in our laboratory have shown that tolerance is not specific to LPS and that SP-A can also induce tolerance in THP-1 cells (36) . We therefore investigated whether there was cross-tolerance between SP-A and LPS. In the present study, vitamin D 3 -differentiated THP-1 cells were pretreated for 24 h with 50 g of SP-A per ml, 0.1 ng of LPS (E. coli O55:B5) per ml, or medium alone. The cells were then "cross-treated," challenging them with either 0.1 ng of LPS or 50 g of SP-A per ml for an additional 2-h period, and the relative cytokine mRNA levels were compared (Fig. 2) . Pretreatment with LPS resulted in a modest inhibition of TNF-␣ (ϳ20%) in response to a subsequent challenge with SP-A compared to pretreatment with medium alone (Fig. 2A) . There was little or no effect on production of IL-1␤ and IL-8 ( Fig. 2B and C) . Conversely, after pretreatment of THP-1 cells with SP-A, the production of TNF-␣ after a subsequent LPS challenge was decreased by ϳ36% ( Fig. 2A) . However, there were marked increases in the production of IL-1␤ and IL-8 (ϳ68 and ϳ34%, respectively) compared to cells not pretreated with SP-A ( Fig. 2B and C) . Thus, there is cross-tolerance between SP-A and LPS with regard to TNF-␣ expression but not with the other cytokines.
Effect of combination of SP-A and LPS on cytokine mRNA levels. We then tested the combined biological effects of SP-A and LPS on cytokine mRNA levels from THP-1 cells. We chose to use the same LPS serotype (E. coli O55:B5) and the same dosage of LPS (0.1 ng/ml) or of SP-A (50 g/ml) as those used in the cross-tolerance experiments. Both SP-A and LPS stimulated the production of proinflammatory cytokines, including TNF-␣, IL-1␤, and IL-8, by THP-1 cells. These results are similar to those that we have published previously (21, 22, 36, 46) . When both SP-A and LPS were added together to the cultured cells, all three cytokine mRNA levels were further increased compared to the effects of each agent separately (Fig. 3) . These results indicate that the combination of SP-A and LPS resulted in an additive stimulatory effect on these cells.
Effect of preincubation of SP-A or LPS on activation of NF-B. NF-B is an important transcription factor for immune and inflammatory responses and plays a pivotal role in the regulation of cytokine production. Several studies have shown downregulation of NF-B activation and DNA binding in LPS-induced tolerance (40) . Previously, we reported that both SP-A and LPS can induce tolerance in THP-1 cells but that each produces different patterns of cytokine production (36), and we and others have also shown that SP-A or LPS stimulate production of proinflammatory cytokines via the activation of NF-B in these cells (1, 18) . Thus, studies were undertaken to determine whether impairment of NF-B activation is involved in SP-A-or LPS-induced tolerance. This was done by performing EMSA using nuclear extracts from THP-1 cells that were preexposed to SP-A or LPS for 24 h, followed by subsequent SP-A or LPS challenge for an additional 1-h period. Figure 4 depicts two representative experiments. NF-B DNA binding was decreased in SP-A tolerant cells after a subsequent SP-A challenge. Quantification by densitometry showed that, in challenged cells, complex formation was inhibited by ϳ40% compared to cells treated with a single dose of SP-A. In contrast, pretreatment with LPS did not have any effects on NF-B DNA binding after a similar challenge with LPS.
NF-B supershift assay. To confirm that the labeled complex was NF-B, supershift assays were performed using antibodies to the NF-B subunits p50, p65, and c-Rel. We have previously demonstrated that the NF-B complexes in THP-1 cells do not contain p52 and RelB subunits (unpublished observations). The results of this analysis are shown in Fig. 5 . Lanes 1 to 4 contain nuclear extracts from LPS-treated cells, and lanes 5 to 8 and lanes 9 to 12 have extracts from SP-Atreated cells. Cells were treated with LPS or SP-A for 1 h before being harvested for nuclear extract preparation. The NF-B bands obtained were identical to those seen in tolerized cells after challenge (Fig. 4) . In each case, an aliquot of nuclear extract-oligonucleotide mixture was incubated with the indicated antibody for 30 min and then analyzed by electrophoresis. The autoradiograph with lanes 1 to 8 has been heavily exposed to better demonstrate the supershifted bands. Treatment of nuclear extracts with anti-p50 antibody recognized p50 in both complexes (lanes 2 and 6). Anti-p65 antibody supershifted and reduced the intensity of the upper complex but did not affect the lower complex (lanes 3 and 7) . Antibody to c-Rel supershifted and reduced the intensity of the lower complex but did not affect the upper complex (lanes 4 and 8). Lanes 9 to 12 depict a light exposure of lanes 5 to 8 to better demonstrate the NF-B doublet and the changes in it that occur during supershifting. Therefore, NF-B-binding complexes containing p50-p65 (upper complex) and p50-c-Rel (lower complex) are induced upon stimulation of vitamin D 3 -differentiated THP-1 cells with either SP-A or LPS. These results are similar to those obtained by Cordle et al. (5) .
DISCUSSION
The lungs are continually exposed to ambient air that contains significant numbers of bacteria and other pathogens. Because surfactant covers the entire alveolar surface, inhaled pathogens must come in contact with surfactant before they can interact with target cells or immune cells. Moreover, both SP-A and LPS are often present in the lung during infection and the resulting inflammatory processes, and both are capable of modulating immune response in the lung. Therefore, it is important to understand the interaction between SP-A and LPS and the role of SP-A in host defense against respiratory infection.
Structurally, LPS consists of lipid A, a relatively conserved core oligosaccharide and a terminal polysaccharide of variable length and composition that comprises the O-specific antigen domain (32, 34) . It has been suggested that SP-A preferentially binds to the lipid A domain of rough forms of LPS and to purified lipid A in vitro (16, 43) . The binding of purified rough LPS is calcium independent and is not inhibited by competing saccharides but is inhibited or partially reversed by lipid A. In the present study we have shown that SP-A stimulates TNF-␣ production in THP-1 cells, as we reported earlier (21, 22, 36) . Lipid A alone slightly induced TNF-␣ production. However, when SP-A and lipid A (in the range of 0.1 to 1 ng/ml) were both added to the cells, the stimulatory effect of SP-A was diminished. These results support the notion that SP-A binds to the lipid A moiety and that this binding partially neutralizes SP-A's activity.
Previous studies have reported that SP-A binds to LPS from the Re mutant of Salmonella serotype Minnesota and from the J5 mutant of E. coli in a calcium-and concentration-dependent manner but did not bind to E. coli O111, a form of smooth LPS (42) . SP-A has also been shown to bind and cause aggregation of lipid A and rough LPS (Re595) but not of smooth LPS (O26:B6) (43, 35) . Consistent with these findings, SP-A binds to certain rough but not smooth strains of E. coli and opsonizes them and enhances their phagocytosis and killing (31) . Because the respiratory tract is a frequent target of a number of gram-negative bacteria that express a rough LPS phenotype, characterizing the interaction between SP-A and rough LPS is important for understanding the innate immune processes in the alveolar lumen. Our data show that both SP-A and rough LPS (J5) individually, as well as the combination of the two, stimulate production of TNF-␣ by THP-1 cells. However, LPS (J5) at low doses (0.1 to 1 ng/ml) partially neutralizes SP-A's activity. These results are similar to those obtained by the combination of SP-A and lipid A.
In contrast, the interaction of SP-A and smooth LPS generates different cellular responses. The combination of SP-A and smooth LPS (O55:B5) produces higher levels of TNF-␣ compared tests done with either substance alone. Blau et al. also reported that both SP-A and LPS (E. coli O55:135), as well as the combination of the two, stimulated production of nitrite by alveolar macrophages (3) . The mechanism by which SP-A specifically enhances smooth LPS-induced TNF-␣ expression is not clear at present. It has been suggested that SP-A may interfere with the functions of serum components such as LPSbinding protein (LBP) (13), soluble CD14 (10), and septin (49) , which have been shown to enhance LPS-induced cellular responses. Another possible interpretation for the action of SP-A is that SP-A may exert a role similar to that of LBP, forming a complex of SP-A and LPS that enhances the effect of LPS on the synthesis and secretion of cytokines such as TNF-␣ by alveolar macrophages. Thus, interactions between SP-A and LPS suggest that under appropriate conditions the interaction between these molecules could modulate cellular activation and signal pathways involving LPS. Such effects could theoretically involve competition for binding by other LBPs or altered presentation of LPS to inflammatory cells.
The data presented here are somewhat contradictory to the findings of Sano et al., who reported that SP-A inhibited mRNA expression and secretion of TNF-␣ induced by smooth LPS (O26:B6), but that rough LPS (Re)-induced TNF-␣ expression was unaffected by SP-A (35) . There are several possible explanations for the apparent discrepancies. For example, in these two studies, SP-A was purified by different methods, and its activity may be dependent on the method of isolation (27, 37, 44) . Moreover, the doses of LPS used in these two different studies varied tremendously, suggesting a fundamental difference in the culture system. There is some evidence that responses to high doses of LPS such as those used by Sano et al. (35) do not depend on CD14, while low doses do (38) . Both soluble CD14 and LBP are necessary for neutrophil responses to low concentrations of smooth LPS, but the presence of LBP alone is sufficient to elicit a response to rough LPS (14) . In addition, the means by which cells are activated to elaborate cytokines is also important. We have found that under conditions similar to those that we used for the THP-1 cells, U937 cells do not respond to SP-A stimulation and the responses to LPS are significantly less than those of THP-1 cells (unpublished observations).
Pretreatment of cells or animals with LPS renders them resistant to a subsequent LPS challenge. This phenomenon is referred to as tolerance (50) . Previous studies in our laboratory have shown that tolerance is not specific to LPS; SP-A can also induce tolerance in THP-1 cells, though the patterns of cytokine alteration are distinct (36) . We extended our earlier studies to explore whether there is cross-tolerance between these two molecules. Pretreatment of THP-1 cells with LPS modestly inhibited the response of these cells to subsequent treatment with SP-A, with regard to the production of TNF-␣, compared to cells not pretreated with LPS. There was little or no effect on production of IL-1␤ and IL-8. Conversely, pretreatment of THP-1 cells with SP-A resulted in unique changes in cytokine release upon subsequent LPS stimulation. Specifically, TNF-␣ was decreased, while IL-1␤ and IL-8 production were significantly augmented. However, when both SP-A and LPS were added simultaneously to the cells, an additive stimulatory effect was observed. Production of all three cytokines studied was remarkably enhanced. These results clearly demonstrate that there exists a cross-tolerance between SP-A and LPS.
There are other reports available on cross-tolerance. For example, LPS and IL-1 were found to induce a state of crosstolerance against each other, as judged by transcription factor activation (28) . Another study showed that TNF-␣ injection in vivo resulted in hyporesponsiveness to the lethal effects of a subsequent dose of LPS, though TNF-␣ did not appear to mimic LPS in vitro (4). Most recently, Mendez and colleagues demonstrated that prior sublethal hemorrhage made rats tolerant and imparted a significant survival benefit and reduction in pulmonary vascular injury after a subsequent LPS challenge. Circulating TNF levels were also reduced in tolerant animals (29) . Taken as a whole, these experiments illustrate crosstolerance between LPS and a number of other stimuli or treatments, supporting the idea that tolerance is a nonspecific phenomenon.
The molecular mechanisms leading to LPS tolerance have been well studied but are still not completely delineated. LPS tolerance is not accompanied by decreased expression of CD14 (41) . Investigations of the role of NF-B in LPS tolerance using a human monocytic cell line (Mono Mac 6) showed a predominance of p50 homodimers, rather than the more common p50-p65 heterodimeric form of NF-B (17) . The p50 homodimeric form of NF-B is thought to have a markedly impaired ability to stimulate cytokine genes. However, we found that in the THP-1 cell line there is no alteration of NF-B activation in LPS-induced tolerant cells, though impairment of NF-B activation occurs in SP-A-induced tolerant cells. Furthermore, resolution of the NF-B complex in our gel shift assays showed that NF-B exists as p50-p65 and p50-cRel heterodimers rather than as p50 homodimers. Other studies in LPS-tolerant peritoneal macrophages also showed that NF-B was not downregulated (19, 45) . Differences in NF-B heterodimeric composition or some degree of IB binding to NF-B in tolerant cells may account for the altered electrophoretic mobility of NF-B in the tolerant cells. Furthermore, in addition to effects on NF-B, LPS tolerance also involves inactivation of mitogen-activated protein kinase family cascades, including extracellular signal-regulated kinase, p38, or c-Jun N-terminal kinase (40) . Thus, multiple LPS-activated cascades are suppressed in LPS-tolerant macrophages.
The potential physiological relevance of SP-A tolerance or SP-A/LPS cross-tolerance is not clear at present. SP-A is always present in the alveolar lumen and increased SP-A has been associated with a variety of lung disease states, such as AIDS-related pneumonia, sarcoidosis, hypersensitivity pneumonitis, and asbestosis (11, 15, 26) . We speculate that SP-Ainduced tolerance or cross-tolerance to LPS may be a protective mechanism that prevents damage to the lung by avoiding excessive inflammation, as has been postulated for LPS tolerance (50) .
In summary, there is an interaction between SP-A and LPS in vitro. Both SP-A and LPS have a stimulatory effect on TNF-␣ production by THP-1 cells. Distinct results are found when SP-A and different serotypes of LPS are simultaneously added to the cells. In addition, both SP-A and LPS (E. coli O55:B5) can induce a state of cross-tolerance against each other with respect to TNF-␣ production, while alterations of IL-1␤ and IL-8 are different in LPS-SP-A-or SP-A-LPS-induced cross-tolerance. The finding that NF-B formation is downregulated in SP-A-but not in LPS-induced tolerant cells suggests that the mechanisms responsible for SP-A or LPS tolerance, at least in part, are different. It is difficult at present to speculate on the biological implications of such an SP-A-LPS interaction in vivo, and further studies are required to understand its effect on the overall cytokine balance at the onset and during the inflammatory response in the lung. 
